We give a brief (and highly incomplete) overview of the current experimental and theoretical status of high energy cosmic rays and their secondary γ−rays and neutrinos. We discuss the role of large scale magnetic fields and the multi-messenger aspects linking these three channels. We recall that the flavor composition of neutrino fluxes from astrophysical sources contains information on both the source conditions and neutrino mixing parameters. Possible effects of new physics beyond the electroweak scale on neutrino detection are recalled. Finally, we discuss the role of Lorentz invariance violation in ultra-high energy cosmic radiation.
Introduction
After almost 90 years of research, the origin of cosmic rays is still an open question, with a degree of uncertainty increasing with energy [1] . Above ∼ 100 MeV the CR spectrum exhibits little structure and is approximated by broken power laws ∝ E −γ : At the energy E ≃ 4 × 10 15 eV called the "knee", the flux of particles per area, time, solid angle, and energy steepens from a power law index γ ≃ 2.7 to one of index ≃ 3.0. The bulk of the CRs up to at least that energy is believed to originate within the Milky Way Galaxy, typically by shock acceleration in supernova remnants. These objects have been seen in γ−rays up to ∼ 10 TeV by experiments such as HESS [2] and MAGIC [3] , with a spectrum roughly scaling as E −2.2 . This is consistent with γ−ray production in interactions with the ambient gas of primary cosmic rays with a similar spectrum at the source. The difference to the cosmic ray spectrum observed to scale as E −2.7 below the knee can be explained by diffusion in the galactic magnetic fields.
Above the knee the spectrum continues with a further steepening to γ ≃ 3.3 at E ≃ 4 × 10 17 eV, sometimes called the "second knee". There are experimental indications that the chemical composition changes from light, mostly protons, at the knee to domination by iron and even heavier nuclei at the second knee [4] . This is in fact expected in any scenario where acceleration and propagation is due to magnetic fields whose effects only depend on rigidity, the ratio of charge to rest mass, Z/A. This is true as long as energy losses and interaction effects, which in general depend on Z and A separately, are small, as is the case in the Galaxy, in contrast to extra-galactic cosmic ray propagation at ultra-high energy. Above the so called "ankle" or "dip" at E ≃ 5 × 10 18 eV, the spectrum flattens again to a power law of index γ ≃ 2.8. This latter feature is often interpreted as a cross over from a Galactic component, which steepens because cosmic rays are not confined by the galactic magnetic field any more or because Galactic sources do not accelerate beyond the ankle, to a harder component of extragalactic origin. However, the dip at E ≃ 5 × 10 18 eV could also be explained by pair production by extra-galactic protons, if the extra-galactic component already starts to dominate below the ankle, for example, around the second-knee [5] at a few times 10 17 eV. This requires a relatively steep injection spectrum ∝ E −2.6−2.7 . Below a few times 10 17 eV this extra-galactic component would become unobservable at Earth due to diffusion in extra-galactic magnetic fields (EGMF) [6] . In addition, the effective volume-averaged injection spectrum has to become flatter somewhere below ∼ 10 18 eV in order to avoid excessive power going into cosmic rays and to avoid overproduction of GeV-TeV γ−rays from pp interactions with the ambient gas.
The low cross-over scenario also requires the dominance of protons around the dip. Theoretically, this can be achieved either because preferentially protons are accelerated or because extended EGMF lead to strong photo-spallation during propagation [7] . Experimentally, above ≃ 10 17 eV the chemical composition is basically unknown [8] . Around 10 18 eV the situation is particularly inconclusive as HiRes [9] and HiRes-MIA [10] data suggest a light (proton dominated) composition, whereas other experiments indicate a heavy composition [4] . In any case, the cosmic ray flux should be extra-galactic at least above the ankle, where a galactic origin would predict an anisotropy toward the galactic plane because galactic magnetic fields can no longer isotropize the cosmic rays. No such anisotropy is seen. There are also experimental indications for a chemical composition becoming again lighter above the ankle, although a significant heavy component is not excluded and the inferred chemical composition above ∼ 10 18 eV is sensitive to the model of
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Günter Sigl air shower interactions and consequently uncertain presently [8] . In addition, should a substantial heavy composition be experimentally observed up to the highest energies, some sources would have to be surprisingly nearby, within a few Mpc, otherwise only low mass spallation products would survive propagation [11] . In the following we will restrict our discussion on extra-galactic ultra-high energy cosmic rays (UHECRs).
No conclusive picture for the nature and distribution of the sources emerges yet naturally from the data [12] : Before 2007, arrival directions appeared approximately isotropic [13] , suggesting a large number of weak or distant sources. But there are also indications which point more towards a small number of local and therefore bright sources, especially at the highest energies: First, the AGASA ground array claimed statistically significant multi-plets of events from the same directions within a few degrees [14, 13] , although this is controversial [15] and has not been seen so far by other experiments such as the fluorescence experiment HiRes [16] . The spectrum of this clustered component is ∝ E −1.8 and thus much harder than the total spectrum [14] . Second, nucleons above ≃ 70 EeV suffer heavy energy losses due to photo-pion production on the cosmic microwave background (CMB) -the Greisen-Zatsepin-Kuzmin (GZK) effect [17] -which limits the distance to possible sources to less than ≃ 100 Mpc [18] . This predicts a "GZK cutoff", a drop in the spectrum, whose strength depends on the source distribution and may even depend on the part of the sky one is looking at: The "cutoff" could be mitigated in the northern hemisphere where more nearby accelerators related to the local supercluster can be expected. Apart from the SUGAR array which was active from 1968 until 1979 in Australia, all UHECR detectors completed up to the present were situated in the northern hemisphere. Nevertheless the situation is unclear even there: Whereas a "cut-off" is consistent with the few events above 10 20 eV recorded by the fluorescence detector HiRes [19, 20] and with the second data release of the Pierre Auger observatory [21, 22] , there is a tension with the 11 events above 10 20 eV detected by the AGASA ground array [23] . Still, this could be a combination of statistical and systematic effects [24] , especially given the recent downward revision of the energy normalization in AGASA [25] . This question will be solved by the Pierre Auger project which combines the two complementary detection techniques adopted by the aforementioned experiments and whose southern site is near completion in Argentina. Third, about 1% of the HiRes stereo events around 10 19 eV seem to correlate with active galaxies of the BL Lac type on a scale of ∼ 0.6 • , with a significance of ∼ 10 −4 [26, 27] . Due to deflection of UHECR in the galactic magnetic field this, however, would have to be neutral primaries that cannot be created in the necessary quantities over the distances involved. Finally, and perhaps most importantly, in 2007 the Pierre Auger collaboration published a paper indicating that the arrival directions of cosmic rays about 6 × 10 19 eV correlate with the positions of active galactic nuclei within 75 Mpc distance from Earth [28] which finally establishes an anisotropy following the large scale structure and in particular the supergalactic plane.
Role of large scale magnetic fields
The hunt for UHECR sources is further complicated by the presence of large scale cosmic magnetic fields which may significantly deflect charged cosmic rays even at the highest energies, in particular if sources correlate with high magnetic field regions such as galaxy clusters and/or if there is a significant component of heavy nuclei at the highest energies. A major issue in UHECR PoS(QG-Ph)037
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Günter Sigl propagation studies is, therefore, the strength and distribution of EGMF. Galaxy clusters harbor magnetic fields of µG strength, but it is poorly known how quickly these fields fall off with increasing distance from the cluster center. The current data indicate that µG strength magnetic fields extend to at least ∼ 1 Mpc [29] and possibly to larger distances [30, 31] . Beyond ≃ 1 Mpc from a cluster core, however, probing the magnetic fields becomes extremely difficult because the Faraday Rotation Measure loses sensitivity in low density regions. Furthermore, the intracluster magnetic field topology is also poorly known, although the situation will likely improve in the future, for example with the advent of powerful radio astronomical instruments such as the square kilometer array.
One possibility in the meantime is to adopt large scale structure simulations (LSS) which include magnetic fields. In Ref. [32] , the authors use magnetic fields derived from a cosmological LSS with magnetic fields generated at the shocks that form during LSS formation, whereas in Ref. [33] and Ref. [34] fields of "primordial" origin have been considered. While the different models for initial magnetic seed fields produce different large scale magnetic field distributions and, therefore, lead to different predictions for UHECR deflection, there is still a significant discrepancy between Ref. [32, 33] and Ref. [34] , hinting that other technical reasons may play a role here. In the more extended fields from the simulations of Refs. [32, 33] deflection of protons up to 10 20 eV can be up to tens of degrees, whereas deflections in the simulations of Ref. [34] are typically below a degree. Assuming the EGMF correlates with the infrared luminosity density, Ref. [35] recently found results closer to Refs. [32, 33] than Ref. [34] .
We recall that since acceleration is rigidity dependent, at the acceleration sites the highest energy cosmic ray flux is likely dominated by heavy nuclei. If this is indeed the case, it is interesting to point out that even in the EGMF scenario of Ref. [34] , deflections could be considerable. One can in fact define a critical energy E c below which UHECR will largely be in the diffusive regime, whereas they will propagate roughly ballistically at much higher energies. For an UHECR of charge Z propagating over a distance scale d in a field of strength B and coherence length λ c this energy can be estimated as
In contrast to the contribution of our Galaxy to deflection which can be of comparable size but may be corrected for within sufficiently detailed models of the galactic field, the extra-galactic contribution would be stochastic. Statistical methods are therefore likely to be necessary to learn about UHECR source distributions and characteristics as well as EGMF. For example, a suppressed UHECR arrival direction auto-correlation function at degree scales, rather than pointing to a high source density, could be a signature of extended EGMF [32] .
Finally, EGMF can considerably increase the path-length of UHECR propagation and thus modify spectra, especially from individual sources, as well as the chemical composition observed at Earth [36] .
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Figure 1:
Model fluxes compared to experimental data, limits and sensitivities. Primary cosmic ray fluxes (data and a model, see text) are shown in black, the secondary γ−ray flux expected from proton interactions with the CMB and infrared background in red and the "guaranteed" neutrino fluxes per neutrino flavor in blue: atmospheric neutrinos, galactic neutrinos resulting from cosmic ray interactions with matter in our Galaxy [46] , and "GZK" neutrinos resulting from cosmic ray interaction with the CMB and infrared background. The GZK neutrino fluxes depend on the distribution of the (unknown) primary cosmic ray sources for which we assumed active galactic nuclei (AGNs) above 10 17 eV, using our public CRPropa code [41, 42] . Cosmic ray interactions within these sources can also produce neutrinos for which one example is given (AGN ν) [43] . The flux of atmospheric neutrinos has been measured by underground detectors and AMANDA. The dashed and dotted blue lines are existing upper limits and future sensitivities to diffuse neutrino fluxes from various experiments, respectively [37] , assuming the Standard Model neutrinonucleon cross section extrapolated to the relevant energies. The maximum possible neutrino flux would be given by horizontally extrapolating the diffuse γ−ray background observed by EGRET [47] .
Multi-messenger approach: Secondary gamma-rays and neutrinos and their flavor composition
The physics and astrophysics of UHECRs are also intimately linked with the emerging field of neutrino astronomy [37] as well as with the already well established field of γ−ray astronomy [38] . Indeed, all scenarios of cosmic ray origin, from the galactic scale [39] to top-down [40] and Z-burst models at the highest energies [43] , are severely constrained by neutrino and γ−ray observations and limits. This has, for example, important consequences for theoretical predictions of diffuse fluxes of extragalactic neutrinos above about a TeV whose detection is a major goal
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Günter Sigl of next-generation neutrino telescopes: If these neutrinos are produced as secondaries of protons accelerated in astrophysical sources and if these protons leave the sources and contribute to the UHECR flux observed, then the energy content in the neutrino flux can not be higher than the one in UHECRs, leading to the so called Waxman-Bahcall bound for transparent sources with soft acceleration spectra [44, 45] . If one of these assumptions does not apply, such as for acceleration sources with injection spectra harder than E −2 and/or opaque to nucleons, or if much fewer nucleons than γ−rays and neutrinos are produced, such as in top-down scenarios, the Waxman-Bahcall bound does not apply, but the neutrino flux is still constrained by the observed diffuse γ−ray flux in the GeV range. Fig. 1 provides a sketch of "realistic" cosmic ray, γ−ray, and neutrino flux predictions in comparison with experimental observations, limits, and sensitivities. It shows a theoretical scenario in which extra-galactic cosmic ray sources roughly evolving as quasars inject a spectrum ∝ E −2.6 of dominantly protons down to ∼ 10 17 eV where a cross-over to galactic cosmic rays occurs [5] . The "cosmogenic" neutrino flux produced by protons interacting with the low energy photon background considerably depends on these assumptions which can thus be used to test them [48] .
Apart from cosmogenic neutrinos produced during propagation of UHECR, neutrinos can also be produced within astrophysical sources such as AGNs (see Fig. 1 ) or γ−ray bursts. In the absence of matter effects, a source at cosmological distances injecting neutrino fluxes with a flavor ratio ∝ w β , β = e, µ, τ, leads to a flavor mixture φ α ∝ ∑ β ,i w β |U αi | 2 |U β i | 2 observed at Earth, where U αi is the mixing matrix and i labels mass eigenstates. Therefore, if both pions and muons decay before loosing energy around the source, w e : w µ : w τ ≃ 1 : 2 : 0 and thus φ e : φ µ : φ τ ≃ 1 : 1 : 1. At high energies the meson and muon energy loss time t loss (E) becomes shorter than their decay time Eτ/m, and the neutrino spectrum will be suppressed by a factor ≃ mt loss (E)/(τE) compared to primary interaction rates. For hadronic cooling, t loss ∼const, whereas for radiative cooling at the highest energies, t loss (E) ∝ E −1 , resulting in a steepening of the neutrino spectrum by a factor E −1 and E −2 , respectively [49] . In addition, at a given energy, charged pions decay about hundred times faster than muons. There can thus be an energy range at which pions but not muons decay before loosing energy such that w e : w µ : w τ ≃ 0 : 1 : 0 and thus φ e : φ µ : φ τ ≃ 1 : 2 : 2. Also, pp interactions produce both pions of both charges and thus give a higher fraction ofν e compared to pγ interactions. The observed flavor ratios can thus depend on energy and carry information on the source conditions [50] , but also about the mixing matrix itself [51] .
Experimentally, different flavors can be distinguished by the different signatures their charged current interactions cause in the detectors [37] : Muon neutrinos tend to produce long muon tracks whose Cherencov cones can be detected optically. Electron neutrinos produce electromagnetic and hadronic showers from the elecrons and nuclear recoils, respectively, which they give rise to. Finally, tau neutrinos can give rise to "double bang" signatures where the first "bang" is produced by the recoil of the nucleus on which the charged current reaction took place, and the second "bang" is due to the tau lepton decay. This signature is visible at energies for which the tau lepton deay length is comparable to the detector dimensions. Given sufficient statistics, these different signatures should make it possible to distinguish between the scenarios discussed above.
Finally, flavor ratios can probe new physics, such as neutrino decay and quantum decoherence [52] : If all but the lightest mass eigenstate j decay before reaching the observer, the flux of flavor α observed at Earth would be ∝ |U α j | 2 , independent of the flavor ratio at the source. For
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Günter Sigl j = 1 (normal mass hierarchy) this gives φ e : φ µ : φ τ ≃ 6 : 1 : 1, whereas for j = 3 (inverted mass hierarchy) one has φ e : φ µ : φ τ ≃ 0 : 1 : 1, which should be easy to distinguish from the normal case. This would allow to probe lifetimes of the order τ/m ∼ 300(E/PeV ) −1 s/eV, which could improve on current limits. Quantum decoherence would predict φ e : φ µ : φ τ = 1 : 1 : 1, independent of source flavor ratios.
Physics beyond the electroweak scale: New neutrino interactions
Within the Standard Model the interaction cross section of neutrinos with nucleons falls short by about five orders of magnitude to produce air showers starting high in the atmosphere as observed. Electroweak instantons could change this but this possibility is speculative [53] . The neutrino-nucleon cross section, however, can be enhanced by new physics beyond the electroweak scale in the center of mass (CM) frame, or above about a PeV in the nucleon rest frame. Note that the CM energy reached by an UHECR particle of energy E interacting with an atmospheric nucleon at rest is √ s ≃ 0.4(E/10 20 eV) PeV. While physics beyond the electroweak scale would influence the interactions of all particles, its effects would be burried below the strong interactions for hadron primaries. In contrast, neutrino interactions would be a much more sensitive probe to new physics because their Standard Model interactions are much weaker. Neutrino induced air showers may therefore rather directly probe new physics beyond the electroweak scale.
One possibility consists of a large increase in the number of degrees of freedom above the electroweak scale [54] . A specific instance of this idea appears in theories with additional large compact dimensions and a quantum gravity scale in the TeV range that has recently received much attention in the literature [55] because it provides an alternative solution to the hierarchy problem in grand unifications of gauge interactions without a need of supersymmetry. In such scenarios microscopic black holes and even higher dimensional branes can be produced by interactions of neutrinos with one of the constituent partons of the nucleon at center of mass energies above the fundamental quantum gravity scale. The resulting total neutrino-nucleon cross sections can be larger than in the Standard Model by up to a factor ∼ 100 if the fundamental gravity scale is of order TeV [56] .
Whereas the sub-hadronic scale cross sections obtained in some extra dimension scenarios are still too small to be consistent with observed air showers and thus to explain the observed UHECR events [57] , they can still have important phenomenological consequences. This is because UHECR data can be used to put constraints on neutrino nucleon cross sections smaller than 10 −27 cm 2 . Particles with such cross sections would give rise to horizontal air showers which have not yet been observed. Resulting upper limits on their fluxes assuming the Standard Model cross section are shown in Fig. 1 . Comparison with the "cosmogenic" neutrino flux produced by UHECRs interacting with the CMB then results in upper limits on the cross section which are about a factor of few hundred larger than the Standard Model cross section in the energy range between ≃ 10 17 eV and ≃ 10 19 eV [58, 59, 60] . The projected sensitivity of future experiments also shown in Fig. 1 indicate that these limits could be lowered down to the Standard Model cross section [60] . In case of a detection of penetrating events the degeneracy of the cross section with the unknown neutrino flux could be broken by comparing the rates of horizontal air showers with the ones of
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Earth skimming events [61] . This would allow to "measure" the neutrino-nucleon cross section at energies unreachable by any forseeable terrestrial accelerator !
Violation of Lorentz Invariance
A number of authors pointed out [62, 63] that there may be no GZK effect if Lorentz invariance is violated by a tiny amount that is consistent with all current experiments. At a purely theoretical level, several quantum gravity models including some based on string theories do in fact predict non-trivial modifications of space-time symmetries that also imply VLI at extremely short distances (or equivalently at extremely high energies); see e.g., Ref. [64] and references therein. These theories are, however, not yet in forms definite enough to allow precise quantitative predictions of the exact form of the possible violation of Lorentz invariance (VLI). Current formulations of the effects of a possible VLI on high energy particle interactions relevant in the context of UHECR, therefore, adopt a phenomenological approach in which the form of the possible VLI is parametrized in various ways, usually within effective field theory which characterizes possible terms allowed at energies much lower than the grand unification and Planck scales, without explicit reference to their origin in any theory describing physics at these much higher energies. VLI generally implies the existence of a universal preferred frame which is usually identified with the frame that is comoving with the expansion of the Universe, in which the CMB is isotropic.
A direct way of introducing VLI is through a modification of the standard dispersion relation, E 2 − p 2 = m 2 , between energy E and momentum p = | p| of particles, m being the invariant mass of the particle. Currently there is no unique way of parameterizing the possible modification of this relation in a Lorentz non-invariant theory. We discuss here a parameterization of the modified dispersion relation which covers most of the qualitative cases discussed in the literature and, for certain parameter values, allows to completely evade the GZK limit in case of nucleons,
Here, the Planck mass M Pl characterizes non-renormalizable effects with dimensionless coefficients ξ and ζ , and the dimensionless constant d exemplifies VLI effects due to renormalizable terms in the Lagrangian. The standard Lorentz invariant dispersion relation is recovered in the limit
The constants d = 0 can break Lorentz invariance spontaneously when certain Lorentz tensors c µν have couplings to fermions of the form d µνψ γ µ ∂ ν ψ, and acquire vacuum expectation values of the form d µν = dδ 0 µ δ 0 ν . If rotational invariance and gauge symmetry are preserved, such renormalizable Lorentz invariance breaking terms in the Lagrangian are characterized by a single timelike vector u µ , with u µ u µ = −1, which defines a preferred reference frame [65] . The dimensionless terms can be interpreted as a change of the maximal particle velocity [63] 2 , as can be seen from Eq. (5.1).
Within effective field theory, effects of first order in M −1
Pl , ξ = 0, arise from the most general terms of the form κ
2)
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Ultra-High Energy Cosmic Radiation Günter Sigl whereF denotes the dual of the field strength F. For photons and electrons this leads to ξ ± = ±κ and ξ ± = λ 1 ± λ 2 , respectively, in Eq. (5.1), where ± refers to helicity which remains conserved in the presence of the terms Eq. (5.2) [66] . These terms also violate CPT and are, therefore, sometimes considered to be unlikely to be present [67] . However, effects of first order in M −1
Pl , ξ = 0, are possible, for example, in non-critical Liouville string theory due to recoiling D-branes [68] , where sub-luminal propagation, i.e. ξ < 0 seems to be preferred. Finally, in critical string theory, effects second order in M −1
Pl , ζ = 0, can be induced due to quantum gravity effects. Note that in supersymmetric QED, corrections to the dispersion relation of a particle of mass m are of the form ξ n m 2 (k/M Pl ) n and are thus negligible in astrophysical contexts [69] . Therefore, significant constraints can only be obtained in the non-supersymmetric case. Now, consider the GZK photo-pion production process in which a nucleon of energy E, momentum p and mass m N collides head-on with a CMB photon of energy ε producing a pion and a recoiling nucleon. The threshold initial momentum of the nucleon for this process according to standard Lorentz invariant kinematics is
where m π and m N are the pion and nucleon masses, respectively. Assuming exact energy-momentum conservation but using the modified dispersion relation Eq. (5.1) for d = 0 for nucleons, in the ultra-relativistic regime m ≪ p ≪ M, and neglecting sub-leading terms, the new nucleon threshold momentum p th satisfies [70] −β x 4 − αx
where x = p th /p th,0 , and
Here, ξ and ζ are the Lorentz invariance violating terms for the nucleons and it is assumed that corresponding terms for the produced secondary pions are negligible. Note that in principle the values for ξ = ξ ± and ζ = ξ ± can be different for the two nucleon helicities.
One can show that the same modified dispersion relation Eq. (5.1) leads to the same condition Eq. (5.4) for absorption of high energy gamma rays through e + e − pair production on the infrared, microwave or radio backgrounds, if one substitutes p th,0 = m 2 e /ε, α = ξ p 3 th,0 /(8m 2 e M Pl ), β = 3ζ p 4 th,0 /(16m 2 e M 2 Pl ), where m e is the electron mass. If ξ ± , ζ ± ≃ 1 for at least one of the nucleon helicities, there is no real positive solution of Eq. (5.4) for the corresponding helicity, implying that the GZK process does not take place and consequently the GZK cutoff effect disappears completely [71] . Thus UHE nucleons and/or photons will be able to reach Earth from any distance. On the other hand, if recent indications for a suppression of the UHECR flux above ≃ 4 × 10 19 eV by the HiRes [19, 20] and Pierre Auger experiments [21, 22] are confirmed to be due to the GZK effect, as expected around these energies, then this will imply upper limits on the couplings ξ ± and ζ ± for both nucleon helicities, thus probing specific Lorentz non-invariant theories. If p th ≃ p th,0 , one could conclude from Eq. (5.4)
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Günter Sigl that α, β 1, which translates into |ξ ± | 10 −13 for the first order effects, and |ζ ± | 10 −6 for the second order effects, when ξ ± = 0 [70, 71] . These values correspond to values |d| 10 −23 for the parameters of renormalizable VLI. Confirmation of a cut-off for TeV photons with next-generation γ−ray observatories would lead to somewhat weaker constraints [72] .
More generally, modification of reaction kinematics or new reaction channels are expected whenever the terms on the right hand side of Eq. .
Note that by far the smallest parameter values would be probed by particles with the smallest mass, specifically the neutrino, m eV at the highest energies. This makes the prospects of future detections of cosmogenic neutrinos, see, e.g., Fig. 1 , very exciting also for VLI constraints.
In addition, the non-renormalizable terms in the dispersion relation Eq. (5.1) imply a change in the group velocity which for the first-order term leads to time delays over distances r given by
For |ξ | ∼ 1 such time delays could be measurable, for example, by fitting the arrival times of γ−rays arriving from γ−ray bursts to the predicted energy dependence.
We mention that if VLI is due to modification of the space-time structure expected in some theories of quantum gravity, for example, then the strict energy-momentum conservation assumed in the above discussion, which requires space-time translation invariance, is not guaranteed in general, and then the calculation of the modified particle interaction thresholds becomes highly non-trivial and non-obvious. Also, it is possible that a Lorentz non-invariant theory while giving a modified dispersion relation also imposes additional kinematic structures such as a modified law of addition of momenta. Indeed, Ref. [64] gives an example of a so-called κ-Minkowski non-commutative space-time in which the modified dispersion relation has the same form as in Eq. (5.1) but there is also a modified momentum addition rule which compensates for the effect of the modified dispersion relation on the particle interaction thresholds discussed above leaving the threshold momentum unaffected and consequently the GZK problem unsolved. In scenarios where the relativity of inertial frames is preserved by a non-linear representation of the Poincaré group, thresholds are in general significantly modified only if the effective mass scale M Pl /ξ is of the order of the unmodified threshold energy in the laboratory frame [73] . In another approach called "doubly special relativity" (DSR), the Lorentz transformations are modified in such a way that they leave invariant not only the speed of light, but also some minimal length scale identified with the Planck lenght [74] .
There are several other fascinating effects of allowing a small VLI, some of which are relevant for the question of origin and propagation of UHECR. For example, any movement relative to the preferred frame defined by u µ in Eq. (5.2) gives rise to spatial anisotropy. Clock comparison
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Günter Sigl and spin precession experiments then lead to limits on the dimensionless parameters in Eq. (5.2) between O(1) and O(10 −8 ), depending on the particle [66] . Astrophysical observations can lead to comparable or even stronger limits: The observation of polarized MeV synchrotron radiation from electrons in the Crab nebula would imply the absence of vacuumČerenkov radiation e → eγ for electrons up to energies E ∼ 1.5 PeV [75, 76] . This process can become possible if the electron speed becomes larger than the speed of light at high energies and would lead to a limit |ξ | 2 × 10 −15 for the photon, significantly stronger than the before mentioned laboratory constraints [75, 76] . However, the MeV photon polarization could not yet be confirmed [77] and the best existing upper limit is |ξ | 2 × 10 −7 [78] , based on frequency dependent rotation of linear polarization (vacuum birefringence) of optical/UV photons of the afterglow from distant γ−ray bursts.
Recently we found that first and second order Lorentz invariance violating terms for photons of size |ξ | 10 −14 and ζ 10 −6 , respectively, in the convention of Eq. (5.1), would lead to a photon component in cosmic rays above 10 19 eV of order 20% [79] . This is in conflict with the latest experimental upper limits from the surface detector data of the Pierre Auger observatory which are ∼ 2% above 10 19 eV [80] which are consistent with predictions of standard astrophysical scenarios for unmodified pair production which are smaller than ∼ 1% around 10 19 eV, and smaller than ∼ 10% around 10 20 eV [81, 82] . This suggests that LI breaking suppressed up to second order in the Planck scale are unlikely to phenomenologically viable for photons. LI breaking for photons is, therefore, also unlikely to play any role in TeV γ−ray astrophysics: For example, recently the MAGIC telescope observed an intense flare from Markarian 501 in which photons in the 1.2 − 10 TeV energy band arrived about 4 minutes after photons in the energy band 0.25−0.6 TeV. This was discussed as a potential signature of modified photon dispersion relations [83] . In the convention of Eq. (5.1), the required parameters are ξ ∼ 6 or ζ ∼ 1.6 × 10 15 for effects suppressed to first and second order in the Planck mass, respectively. This is in conflict with our constraints from 10 19 eV photons by a wide margin.
Constraints from highest energy cosmic and γ−rays basically rule out effects of order E/M Pl which might be a challenge for certain quantum gravity scenarios [84] . Note that these current constraints on VLI parameters still allow strong modification of GZK kinematics by VLI parameters of the order given in Eq. (5.6).
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